Centrioles are microtubule-based, barrel-shaped structures that initiate the assembly of centrosomes and cilia 1,2 . How centriole length is precisely set remains elusive. The microcephaly protein CPAP (also known as MCPH6) promotes procentriole growth 3-5 , whereas the oral-facial-digital (OFD) syndrome protein OFD1 represses centriole elongation 6,7 . Here we uncover a new subtype of OFD with severe microcephaly and cerebral malformations and identify distinct mutations in two affected families in the evolutionarily conserved C2CD3 gene. Concordant with the clinical overlap, C2CD3 colocalizes with OFD1 at the distal end of centrioles, and C2CD3 physically associates with OFD1. However, whereas OFD1 deletion leads to centriole hyperelongation, loss of C2CD3 results in short centrioles without subdistal and distal appendages. Because C2CD3 overexpression triggers centriole hyperelongation and OFD1 antagonizes this activity, we propose that C2CD3 directly promotes centriole elongation and that OFD1 acts as a negative regulator of C2CD3. Our results identify regulation of centriole length as an emerging pathogenic mechanism in ciliopathies.
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C2CD3 encodes a protein with seven C2 domains that is universally conserved in organisms that assemble centrioles or cilia 10 (Fig. 1k) . A C2cd3 mutant named Hearty (Hty) was isolated in a screen for Hedgehog signaling components in mice, and ciliogenesis is severely compromised in C2cd3 Hty/Hty (hypomorph) or C2cd3 Gt/Gt (null) mice 11 (Fig. 1k) . In a remarkable resemblance to OFD syndromes, C2cd3 Hty/Hty and C2cd3 Gt/Gt mice exhibit embryonic lethality, exencephaly in the midbrain and posterior forebrain with a characteristic tight mesencephalic flexure, a twisted body axis, pericardial edema, a rightward-turned heart and severe polydactyly in all four limbs 11, 12 . Thus, together with our finding of C2CD3 mutations in two unrelated individuals with OFD, these results demonstrate that C2CD3 mutations cause OFD. On the basis of the unique features of microcephaly and cerebral malformations observed for the two individuals with OFD with C2CD3 mutations reported here, we propose the alias OFD14 for the C2CD3 gene. Together with the mutations in TMEM216 reported in Joubert syndrome (JBTS2; MIM 608091), Meckel-Gruber syndrome (MKS2; MIM 603194) and OFD VI (ref. 13 (a-h) IMCD3 cells expressing GFP-fused mouse C2CD3 were stained for the centriolar marker branched glutamylated tubulin (GT335; pink) (a), the distal centriole and procentriole marker centrin (red) (b), the procentriole marker SASS6 (red) (c), ninein (red; marks the subdistal appendages and the proximal end of the centrioles and procentrioles) and glutamylated tubulin (GT335; pink; marks the ciliary axoneme) (d), CEP164 (red; marks the distal appendages) and glutamylated tubulin (GT335; pink) (e), CEP290 (red; marks the transition zone) and glutamylated tubulin (GT335; pink) (f), OFD1 (red) and γ-tubulin (pink; marks the pericentriolar material near the proximal part of the centriole) (g), and the distal cap marker CP110 (red) and γ-tubulin (pink) (h). All cells were treated with nocodazole before processing for immunofluorescence. 16 , our identification of a new OFD subtype with severe cerebral malformations including MTS further reinforces the clinical continuum of the ciliopathy spectrum and the inclusion of OFD in the ciliopathies. Besides its requirement for cilium assembly 11 , the function of C2CD3 remains largely elusive. A first clue was provided by the mass spectrometry-based identification of C2CD3 as a BBSome-interacting protein ( Fig. 1k and Supplementary Fig. 2a) . The BBSome is a complex of proteins that is altered in the ciliopathy Bardet-Bield syndrome (BBS; MIM 209900) and is present in cilia and cytoplasmic granules termed centriolar satellites [17] [18] [19] [20] . To determine the localization of C2CD3, we expressed GFP-fused mouse C2CD3 at low levels in a stable clone of mouse IMCD3 Flp-In kidney cells. Whereas C2CD3 was never detected inside cilia, we found robust colocalization of C2CD3 with the core centriolar satellite component PCM-1 (Supplementary Fig. 2b ). However, knockdown of C2CD3 in human retinal pigmented epithelial RPE1-hTERT cells and C2cd3 mutations in immortalized mouse embryonic fibroblasts (MEFs) did not perturb centriolar satellite function (Supplementary Fig. 2c ).
In addition to finding C2CD3 localized at centriolar satellites, we consistently found C2CD3 at two to four bright juxtanuclear foci that did not overlap with PCM-1 foci ( Supplementary Fig. 2b , insets). Costaining with a monoclonal antibody against glutamylated tubulin (GT335)-a modified tubulin found at centrioles and ciliary axonemes-showed that these PCM-1-negative foci of C2CD3 were centrioles ( Supplementary  Fig. 3a) . Although centriolar satellites deliver proteins such as pericentrin to the centrosome 17, 21 , inhibiting the movement of centriolar satellites using the microtubule poison nocodazole did not affect C2CD3 abundance at centrioles (Supplementary Fig. 3b ).
We then mapped the precise location of C2CD3 within centrioles. We frequently observed two juxtaposed foci of C2CD3 associated with a single focus of glutamylated tubulin (Fig. 2a) . Because the two juxtaposed foci of C2CD3 were each positive for centrin, which marks the distal lumen of mature centrioles and procentrioles ( Fig. 2b and Supplementary Fig. 4a ), and because procentriole microtubules are not polyglutamylated 22 , the C2CD3 focus negative for glutamylated tubulin likely represents the procentriole. Staining cells for SASS6, a marker of procentrioles but not mature centrioles 23 , confirmed that C2CD3 is present at procentrioles (Fig. 2c) . In mature centrioles, we found C2CD3 slightly distal to the subdistal appendages marked by ninein 24 (Fig. 2d and Supplementary Fig. 4b ). C2CD3 was precisely located between the CEP164-marked distal appendages (Fig. 2e) . Finally, the transition zone 25 marker CEP290 was clearly distal to C2CD3 (Fig. 2f) , leading us to conclude that C2CD3 is localized near the distal tip of centrioles. CP110 and OFD1 have also been found to localize near the distal end of centrioles, with CP110 marking a slightly more distal location than OFD1 (ref. 7) , namely, the centriole cap whose removal allows for elongation of the ciliary axoneme 26 . C2CD3 perfectly colocalized with OFD1 ( Fig. 2g) and was slightly proximal to CP110 (Fig. 2h) .
Because C2CD3 colocalizes with OFD1 and both of these proteins are altered in OFD syndromes, we tested whether these proteins physically interact. Using antibodies raised against the endogenous proteins, C2CD3 and OFD1 were found to coimmunoprecipitate out of human RPE cells (Fig. 2i) . To further confirm this interaction, glutathione S-transferase (GST) fusions of human OFD1 fragments were expressed in bacteria, immobilized on beads and used to capture GFP-fused mouse C2CD3 expressed in HEK293FT cells. Remarkably, the central fragment of OFD1, which is also responsible for homodimerization 27 , specifically interacted with GFP-C2CD3 ( Fig. 2j and Supplementary  Fig. 4c) . We conclude that C2CD3 forms a complex with OFD1 at the distal end of centrioles, where it colocalizes with other known regulators of centriole elongation, such as centrin 28 
or POC5 (ref. 29).
Because OFD1 and C2CD3 associate physically and cytologically and because the genes encoding them are mutated in the same syndrome, we hypothesized that C2CD3 deletion would mimic loss of OFD1 and result in centrin-positive hyperelongation of centrioles 7 . Surprisingly, centrin was undetectable in the vast majority of C2cd3 Hty/Hty and C2cd3 Gt/Gt centrioles (Fig. 3a,b) even though total centrin levels stayed constant (Supplementary Fig. 5a ), in agreement with a recent study 30 . Similarly, staining for glutamylated tubulin did not show centriole hyperelongation in C2cd3-mutant MEFs (Fig. 3c) . Thus, unlike loss of OFD1, loss of C2CD3 does not result in elongation of the distal centriole compartment.
Remarkably, distal appendages (stained by CEP164; Fig. 3c,d ) as well as subdistal appendages (stained by ODF2; Fig. 3e,f) were absent from C2cd3-mutant centrioles. Ninein staining confirmed the absence of subdistal appendages and the intactness of the proximal end of centrioles (Supplementary Fig. 5b) . Similarly, CPAP, a marker of the proximal segment of centrioles, was retained in C2cd3 mutants (Fig. 3g,h ). OFD1 levels were greatly reduced at C2cd3-mutant centrioles (Fig. 3i,j) , suggesting that C2CD3 recruits OFD1 to centrioles through the physical interaction of these proteins. Whereas C2cd3-mutant centrioles lost most markers of the distal centrioles, the centriole cap protein CP110 was still present at the distal end of centrioles (Fig. 3k) , concordant with the inability of C2cd3-mutant cells to assemble a primary cilium 11 .
An appealing explanation for the loss of distal centriole structures in C2cd3-mutant cells is incomplete centriole elongation. Alternatively, it is conceivable that maturation of the distal centriole is affected independently of alterations in centriole length. In support of the former hypothesis, the distance between the centriole cap and centriole center-measured by fluorescence microscopy-was significantly (P < 1 × 10 -4 ) reduced in C2cd3 Gt/Gt cells compared to control cells (Fig. 4a,b) . To precisely assess the structural defects in C2cd3-mutant centrioles, we performed thin-section electron microscopy on C2cd3-mutant MEFs. Confirming our immunofluorescence findings, distal and subdistal appendages were absent from C2cd3-mutant centrioles (Fig. 4c-e and Supplementary Fig. 6a,b) . Total centriole length was precisely assessed by thin-section electron microscopy, and we found C2cd3-mutant centrioles to be shorter than controls by ~150 nm (Fig. 4f) . We conclude that C2CD3 is required for the extension of procentrioles into full-length centrioles.
To gain insight into the mechanisms by which C2CD3 controls centriole length, we examined the effects of overexpressing GFPfused mouse C2CD3 (Fig. 5) . Strikingly, in RPE cells, we observed one or two juxtanuclear straight rods of >2 µm in length marked by GFP-C2CD3 and acetylated microtubules along their length (Fig. 5a , insets) and resistant to nocodazole treatment ( Supplementary  Fig. 7a) . By synchronizing cells in S phase and releasing them in G2 phase 31 , we found that 15-25% of U2OS human osteosarcoma cells transfected with plasmid encoding GFP-C2CD3 possessed GFPpositive rods, in line with previously described centriole-lengthening activities 31, 32 . The morphological resemblance of centrioles from Centrioles from mutant MEFs appear stunted and lack all appendages (arrows point to subdistal appendages; arrowheads point to distal appendages). Scale bar, 100 nm. (e) Serial transverse thin-section electron microscopy sections of wild-type and C2cd3 Gt/Gt centrioles. Wild-type centrioles are contained within five to six sections, whereas C2cd3 Gt/Gt centrioles span fewer than three sections. Scale bar, 100 nm. (f) Measurement of centriole length using data collected from 4 wild-type, 14 C2cd3 Gt/+ , 6 C2cd3 Hty/Hty and 10 C2cd3 Gt/Gt centrioles. Error bars denote 1 s.d. NS, not significant. Asterisks denote a significant differences (***P < 1 × 10 −4 , *P < 1 × 10 −1 ) by Student's t test.
l e t t e r s these cells to the hyperelongated centrioles in cells overexpressing CEP120 or CPAP [3] [4] [5] 31, 32 hinted that the C2CD3-positive rods might represent hyperelongated centrioles (Fig. 5b-e) . These juxtanuclear C2CD3-positive rods were also positive for CPAP and CEP164 at their bases (Fig. 5b,c) and for glutamylated tubulin and centrin along their lengths (Fig. 5d,e) and showed an enrichment of CP110 at their distal ends (Fig. 5e) . The absence of the cilium maker IFT88 at the C2CD3-positive rods (Fig. 5d) and the presence of CP110 at the end of these structures (Fig. 5e ) strongly suggested that these structures represent hyperelongated centrioles and not cilia. To confirm that C2CD3 promotes centriole hyperelongation, we imaged the GFP-C2CD3-positive rods by correlative light electron microscopy 33 (CLEM) and identified continuous extensions of the centriolar microtubules up to 1.3 µm in length in three separate cells (Fig. 5f, Supplementary  Fig. 7b and Supplementary Video 1) . In addition to localization at hyperelongated centrioles, overexpressed GFP-C2CD3 was found alongside bright microtubules rods (Supplementary Fig. 7c ) enriched in acetylated tubulin in various regions of the cytoplasm (Fig. 5a) . As in previous observations with CPAP overexpression 3 , CLEM showed that these cytoplasmic microtubule structures were reminiscent of centrioles, albeit much less organized. The mixed C2CD3-positive microtubule rods contained microtubules spaced 250 nm apart by an electron-dense matrix (Fig. 6a) , and doublet microtubules could sometimes be distinguished (Fig. 6a,  bottom) . Congruently, the C2CD3-positive microtubule rods were also positive for centrin (Fig. 6b) . Although the biogenesis npg l e t t e r s of these centriole-like structures is presently unknown, they may have originated and then broken off from hyperelongated centrioles ( Supplementary Fig. 7b and Supplementary Video 1) . The ability of C2CD3 to induce centriole hyperelongation enabled a test of the functional antagonism between C2CD3 and OFD1. Cotransfection of plasmid encoding mouse OFD1 (but not of a control plasmid) with plasmid for mouse C2CD3 in U2OS cells led to a drastic reduction in the frequency of hyperelongated centrioles (Fig. 5g) . Our finding that the OFD-relevant gene products OFD1 and C2CD3 antagonize one another in the regulation of centriole length suggests a model in which C2CD3 promotes centriole lengthening and OFD1 inhibits the activity of C2CD3 through direct physical contact. In this model, the inhibition exerted by OFD1 on C2CD3 would need to be minimal in the early stages of procentriole elongation and increase as centrioles reach their mature length. Further insights may be gained by studying how the centriole-lengthening activity of C2CD3 is related to its suggested ability to bind and stabilize microtubules and how C2CD3 function is coordinated with the procentriole-elongating activities of CPAP and CEP120, in particular, with respect to their microtubulestabilizing activities 31, 32 . Finally, an unexplored aspect of C2CD3 lies in its six canonical C2 domains, which are predicted to bind Ca 2+ and phospholipid headgroups 10 . Centrin, which colocalizes precisely with C2CD3 and promotes centriole lengthening, also binds Ca 2+ (ref. 34) , and it is tempting to speculate that centriolar Ca 2+ levels might regulate centriole elongation. 
